Subwavelength antireflective micropyramid structures, designed by rigorous coupled-wave analysis and fabricated by precision micromachining, are used to enhance the terahertz (THz) radiation output of optical rectification in GaP crystal-based emitters. An average 16% increase in the THz radiation power emitted by a 3 mm GaP crystal is experimentally demonstrated using an antireflective micropyramid grating with a period of 60 μm and a base angle of 55.5°. Optimized pyramidal-frustum gratings are shown to operate as highly efficient antireflective structures within an ultrabroadband range of 0. Rapidly growing applications of terahertz (THz) radiation [1] [2] [3] call for the development of highly efficient THz sources. Optical rectification (OR) offers an attractive technology for the development of compact broadband THz sources, and several promising approaches have been proposed to improve its efficiency through the use of quasi-phase matching, large crystals, tilted pulse front pumping, and sandwiched crystal structures [3] [4] [5] .
Rapidly growing applications of terahertz (THz) radiation [1] [2] [3] call for the development of highly efficient THz sources. Optical rectification (OR) offers an attractive technology for the development of compact broadband THz sources, and several promising approaches have been proposed to improve its efficiency through the use of quasi-phase matching, large crystals, tilted pulse front pumping, and sandwiched crystal structures [3] [4] [5] .
Most nonlinear crystals for OR-based THz generation are highly refractive in the THz range [3] . The THz output of such emitters is subject to high Fresnel losses at the crystal-air interface. For example, the power loss is around 30% per single reflection from a GaP (refractive index 3.34 at 1 THz [3] )-air interface. Besides, the FabryPerot interference due to multiple reflections from such interfaces makes it difficult to interpret the results of THz time-domain spectroscopy (TDS).
Here, we demonstrate the enhancement of THz radiation output of OR-based GaP emitters using subwavelength antireflective (AR) micropyramid (MP) structures, designed by rigorous coupled-wave analysis (RCWA) and fabricated by precision micromachining. An average 16% THz power enhancement is experimentally demonstrated using ARMP gratings with a period of 60 μm and a base angle of 55.5°. Optimized pyramidal-frustum gratings are also shown to provide highly efficient antireflective performance within an ultrabroadband range of 0.5-5 THz.
The AR performance of subwavelength MP gratings in the THz range has been demonstrated earlier (see, e.g., [6] and references therein). In our scheme, properly designed subwavelength ARMP gratings are used to enhance the performance of GaP THz emitters as compared to passive THz transmission components reported in [6, 7] . To this end, various MP structures (Fig. 1 ) have been produced on the exit surface of h110i-cut GaP crystals with a thickness of 1 or 3 mm by means of nanometric machining of ion implanted materials [8] . The transmission of the gratings is modeled by RCWA [9] , which is a Fourier-space method. The Maxwell's equations are solved by representing a device and the fields as a sum of spatial harmonics. The device is divided into a number of layers and the electromagnetic modes in each layer are calculated and analytically propagated through the layers using the boundary conditions.
The MP grating structure is fully characterized by its period Λ and the base angle θ, which control the pyramid height h (Fig. 1) . As the key general tendencies in the antireflective performance of MP gratings, a decrease in the grating period blue shifts and broadens the peaks in the transmission spectrum of the grating (see Fig. 5 of [6] ). With the grating period kept constant, a larger base angle implies taller pyramids and thus a more gradual index variation between air and the crystal. A clearly resolved cutoff is observed at the high-frequency edge of the transmission peak at f c c∕Λn (c is the speed of light in vacuum and n is the refractive index of the GaP emitter) in agreement with the earlier analysis [6] , due to nonzeroth-order diffraction effects.
Our previous work [7, 10] reported qualitative characterization of the grating performance in THz radiation generation from GaP emitters or use of GaP emitters as passive devices. Here, two types of experiment based on THz-TDS were performed to study the AR performance of MP gratings and the capability of these structures to enhance OR-based THz generation more quantitatively. In the experiments of the first type, THz radiation was generated in a 1 mm thick h110i-cut ZnTe crystal (placed at position I of Fig. 2 ) pumped by a Ti: sapphire femtosecond oscillator with a central wavelength of 805 nm, repetition rate of 100.6 MHz, pulse duration of 50 fs, and an average power around 350 mW. The THz waveform transmitted through a GaP crystal with an MP grating (placed at position II of Fig. 2 ) was measured by electro-optical sampling with a 1 mm ZnTe crystal. In experiments of the second type, a GaP crystal with an MP grating served as an emitter of THz radiation (placed at position I of Fig. 2 ), whose power was measured with a Golay cell (TYDEX, GC-1P). The pump in these experiments was provided by a photonic-crystal-fiber amplifier [11] with a central wavelength of 1040 nm, repetition rate of 51 MHz, pulse duration of 70 fs, and a maximum average power around 5 W.
To minimize the effect of the effective crystal length on the study of the antireflection effect, we used a 3 mm GaP emitter. The fabricated gratings on the GaP crystal each covered an area of about 0.8 mm × 0.8 mm. The total number of the pyramids depended on the period. In the first type of experiment, broadband THz radiation generated from the ZnTe emitter and focused to a beam diameter of about 1 mm at position II was transmitted through the GaP crystal. The THz waveforms were transmitted through areas with and without the grating on the exit surface. In the second case, the grating area was covered by a tin foil with an opening of 1 cm × 1 cm. The spectra obtained by Fourier-transform are presented in Fig. 3(a) . In the second type of experiment, fs pulses from the fiber amplifier were focused to a spot about 0.2 mm in diameter on the blank side of the GaP emitter. The single-sided AR effect of the grating was examined by comparing the spectra of THz radiation generated from areas with and without grating on the exit surface, as shown in Fig. 3(b) .
The spectra in Fig. 3(a) clearly show the enhancement of the spectral components below 1.52 THz, in good agreement with the cutoff frequency of 1.5 THz predicted by f c c∕Λn. The oscillations in the spectra, observed in experiments performed under normal conditions, are mainly due to water absorption. The spectrum of THz radiation from the ZnTe emitter was dominated by emission in the 1-2 THz range with weak longer wavelength components. The enhancement predicted by the RCWA peaks around 1.5 THz, remaining high in the 1-1.5 THz range. The low-frequency part of the spectrum in Fig. 3(a) is attenuated because of strong diffraction of longwavelength components in the geometry where the radius of the focused THz beam was about half the size of the whole grating area. A higher enhancement was achieved in experiments when the base angle in the gratings was increased from 45°to 55.5°. For the same grating period, a larger base angle leads to a taller pyramid and a smaller effective refractive index of each layer of the grating [6] , giving rise to a smoother graded-index transition from air to the emitter.
With the AR effect verified, Fig. 4 compares the THz output power measured using a Golay cell with pump pulses focused onto areas with and without AR structures on the exit surface of the 3 mm GaP crystal. The transmitted THz power shown in Fig. 4 is a result of averaging over a number of pulses. Fluctuations of THz power in these experiments were below 5%, with the ratio of THz powers transmitted through the 55.5°and 45°gratings being about 106% and remaining almost constant throughout the entire power range. For high pump powers, the power enhancement ratio for both AR gratings is seen to grow slightly faster than a linear function, which is attributed to slight laser beam narrowing at high powers, improving the overlap of the THz beam and the AR grating. The average increase in the THz radiation power was 16% for a base angle of 55.5°.
Both simulations and experiments [6, 7] show that the spectral range of antireflection performance is expanded by using gratings with a smaller period. Large-angle pyramids, on the other hand, increase the amplitude/power enhancement. To optimize the grating design for a broadband AR performance, we employed a three-step filmto-grating design procedure, described in detail in [12] following concepts in [13] , to arrive at the subwavelength pyramidal-frustum structures with parameters shown in Fig. 5 . In this procedure, a five-layer thin film is first optimized, the corresponding grating parameters are then determined for each layer, and the layers are finally connected and smoothed. For a given grating period Λ, the grating height h and the base angle θ have been optimized via a genetic algorithm. The solid line in Fig. 5 is the AR performance of such an optimized grating with h 75 μm and θ 86.5°; for a grating period of Λ 15 μm. A power transmittance above 90% is possible over the target frequency range of 0.5-5 THz (to allow for broader THz spectra generated by shorter pump pulses and tunable THz spectra attainable with tilted pulse front pumping [3] ) and is above 95% for frequencies higher than 1 THz. This is a remarkable improvement over that of ∼70% for a bulk crystal and the two pyramid gratings reported above. We see that even if the grating becomes a pyramidal one (θ 84.3°, without the top surface), the performance does not degrade much over the interested frequency range. However, the high aspect ratio of the gratings poses a challenge to fabrication, which is underway.
In summary, we have designed and fabricated subwavelength antireflective micropyramid gratings on GaP emitters for enhanced THz radiation generation. An average 16% increase in power output was achieved with a 3 mm GaP crystal using a grating with a period of 60 μm and a base angle of 55.5°. Optimized pyramidal-frustum gratings have been designed for efficient antireflective performance within the 0.5-5 THz range. The work is now in progress on extending the above-described design principles to other types of THz emitters. 
